The species of genus Astyanax is widely distributed in freshwater neotropical zones. Astyanax is considered to be taxonomically confused, similar to other genera placed incertae sedis in Characidae. The cytogenetics of this genus is well characterized; species vary widely in diploid number, from 2n = 36 chromosomes in Astyanax schubarti to 2n = 50 for most species studied. The size, number, and position of different cytological markers vary among species and populations of Astyanax. We analyzed the karyotypes of individuals from three Astyanax species (Astyanax abramis, Astyanax altiparanae, and Astyanax eigenmanniorum) from populations not previously analyzed. We describe variations in several cytogenetic markers and the karyotypic relationships between them, specifically focusing on the characteristics of the conserved and divergent locations of the ribosomal genes. Our data are useful for establishing relationships between species and for investigating the karyotype evolution within the genus.
Introduction
T he genus Astyanax (Baird and Girard, 1854) contains *140 species 1 and is one of the most speciose within the Characidae family. Lima et al. 2 suggested that Astyanax, which belongs to the subfamily Tetragonopterinae, 3 should be placed (along with other genera) incertae sedis within Characidae, due to the lack of diagnostic characteristics that support the group as a monophyletic unit. A phylogenetic hypothesis based on DNA sequences reinforces the idea that Astyanax is not a natural group within Characidae. 4 In Astyanax, cytogenetic studies have revealed wide variations in diploid number, from 2n = 36 in Astyanax schubarti 5 to 2n = 50 chromosomes for most species (including Astyanax altiparanae, Astyanax bockmanni, and others 6,7 ), making this genus an interesting model for evolutionary studies. Different karyotype formulae and chromosomal marker features are observed among Astyanax species and among populations of the same species. Domingues et al. 8 showed that two populations of A. altiparanae, one from the upper Tibagi river and the other from the upper Iguaçu river, have different karyotype formulae and fundamental numbers (FNs), in addition to differences in chromosomal markers such as C-bands, argyrophylic nucleolar organizer regions (Ag-NORs), and chromomycin A 3 (CMA 3 ) staining.
Ribosomal DNA (rDNA) probes have been used widely as markers in cytogenetic studies; these markers have provided valuable information regarding the dynamics and location of ribosomal clusters on chromosomes. In eukaryotes, rDNAs are organized into two families, the 45S and the 5S rDNAs, both of which are repeated in tandem. Among Astyanax species, and among populations of the same species, these markers have both conserved and divergent features. [9] [10] [11] [12] In this study, we used various cytogenetic markers to obtain new chromosomal data for A. altiparanae and Astyanax eigenmanniorum, and to describe, for the first time, the karyotype of Astyanax abramis. Our findings contribute to the understanding of chromosomal evolution in the genus Astyanax.
Materials and Methods

Specimens and classical cytogenetics
In this study, we examined three A. abramis (not sexed) specimens from the Bento Gomes river in Mato Grosso state (MT), Brazil; five A. altiparanae (three females and two males) specimens from the Ribeirão Claro river in São Paulo state (SP), Brazil; and three A. eigenmanniorum (one female and two males) specimens from aquariophiles in Brazil. Chromosomes were obtained according to the methodology proposed by Foresti et al. 13 Based on the most common classification system used for fish chromosomes, the morphologies were determined according to the arms ratio: the length of the long arm (q) was divided by the length of the short arm (p). Chromosomes with two arms were classified as metacentric (m) (an arm ratio between 1 and 1.7), submetacentric (sm) (between 1.71 and 3), and subtelocentric (st) (between 3.01 and 7). Chromosomes with a single arm (arm ratio above 7) were considered acrocentric (a).
NORs were detected using silver ion impregnation as described by Howell and Black.
14 Heterochromatin was observed using the C-band technique proposed by Sumner.
15
CG-and AT-rich regions were identified by double-color CMA 3 /4¢,6-diamidino-2-phenylindole (DAPI) on denatured chromosomes, according to a technique commonly used in our laboratory. Briefly, our technique for CMA 3 /DAPI staining is as follows: chromosomes were denatured by incubating slides in 70% formamide in 2 · saline sodium citrate (SSC) at 70°C for 2 min, after the slides were immediately washed twice in cold 2 · SSC for 2 min each, and then passed through a cold ethanol series (70%, 90%, and 100% for 2 min each). After drying, 30 lL of CMA 3 was added to each slide, and the slides were incubated at 4°C for 1 h in the dark. Next, slides were washed three times in 1 · phosphate buffered saline for 2 min each, mounted in 30 lL of DAPI + antifade reagent, and incubated at 4°C for 1 h in the dark. Chromosomes were visualized with an Olympus BX51 microscope coupled to a digital camera (Olympus model D71), and images were captured using the DP Controller software.
DNA extraction and probe synthesis
Genomic DNA was extracted from fin samples as described by Sambrook and Russell. 16 The 18S rDNA probe 
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was obtained by polymerase chain reaction (PCR) using the primers NS1, 5¢-GTAGTCATATGCTTGTCTC-3¢, and NS8, 5¢-TCCGCAGGTTCACCTACGGA-3¢, as described by White et al. 17 The 5S rDNA probe was obtained by PCR using the primers A, 5¢-TACGCCCGATCTCGTCCGATC-3¢, and B, 5¢-CAGGCTGGTATGGCCGTAAGC-3¢, as described by Pendás et al. 18 as well as Martins and Galetti. 19 
Fluorescent in situ hybridization
The fluorescent in situ hybridization (FISH) technique used 18S and 5S rDNA probes tagged with digoxigenin-11-dUTP (Roche) and biotin-16-dUTP (Roche), according to the method of Pinkel et al., 20 with modifications described by Marreta et al. 21 Slides prepared with metaphase chromosomes were incubated with RNase (20 ng/lL) for 1 h at 37°C and dehydrated using an ethanol series (70%, 90%, and 100%). Chromosomal DNA was then denatured for 2-3 min in 70% formamide in 2 · SSC at 70°C, and then dehydrated immediately using an ethanol series (70%, 90%, and 100%). Hybridization solution (15 lL of formamide, 3 lL of 20 · SSC, 6 lL of dextran sulfate, and 6 lL of rDNA probe) was incubated for 10 min at 95°C, and then applied to each slide. After overnight hybridization at 37°C, the slides were washed twice for 5 min each with 50% formamide in 2 · SSC (pH 7.0) at 45°C, twice for 5 min each with 1 · SSC at 45°C, and once for 5 min with 4 · Triton (100 mL of 20 · SSC, 400 mL of H 2 O, and 250 lL of Triton X-100). Signals were detected using anti-digoxigenin-rhodamine (Roche) for digoxigenin and avidin-FITC (Sigma) for biotin. Chromosomes were counter-stained with DAPI, and slides were mounted using the Vectashield Mounting Medium.
Results
The A. abramis specimens had 2n = 50 chromosomes, and the karyotype contained 12 metacentric, 28 submetacentric, 6 subtelocentric, and 4 acrocentric chromosomes (12m + 28sm + 6st + 4a), yielding a FN of 96. A region of secondary constriction was evident in pair 21 (Fig. 1A) . Heterochromatic regions were observed mainly in pericentromeric regions (pairs 1, 8, 10, 11, 13-16, 22, 24, and 25), and it was possible to see terminal blocks (pairs 1, 7, 20, and 23) (Fig. 2A) . We also observed a large block of heterochromatin in the region, corresponding to the secondary constriction of pair 21 ( Fig. 2A) . The Ag-NORs, GC-rich regions, and 18S rDNA sites were also observed in the secondary constriction of pair 21 (Figs. 1A, 3B and 4A, respectively). The 5S rDNA sequences were located in the pericentromeric region on the long arms of pairs 2 and 23 (Fig. 4B) .
The A. altiparanae specimens had 2n = 50 chromosomes, and the karyotype contained 8m + 28sm + 8st + 6a (FN = 94). A region of secondary constriction was evident in pair 19 (Fig. 1B) . Three chromosomes contained Ag-NORs: pair 19 and one homolog of pair 7 (Fig. 1B) . Blocks of heterochromatin were present in the pericentromeric regions of seven pairs (6, 10-12, 14, 20, and 24) and on the short arms of the same three Ag-NOR-bearing chromosomes (pair 19 and one homolog of pair 7) (Fig. 2B) . GC-rich regions were also present in the same places as the Ag-NORs ( Fig. 3D ; note that the both 19 homologous chromosomes are connected by the terminal regions). The 18S rDNA probe labeled only the terminal regions of pair 19, not pair 7 (Fig.  4C) . The 5S rDNA probe labeled the pericentromeric region of pair 5 (Fig. 4D) .
A. eigenmanniorum had 2n = 50 chromosomes, and the karyotype contained 8m + 22sm + 12st + 8a (FN = 92) (Fig.  1C) . Ag-NORs were observed in the terminal regions of the short arms of pair 24 and on the long arm of one homolog of pair 6 (Fig. 1C) . Heterochromatin was evident in centromeric (pairs 2 and 19), pericentromeric (pairs 3, 6, 10, and 17), and terminal (pairs 5 and 16) regions (Fig. 2C) , and GC-rich regions were detected in six chromosomes (pairs 6, 14, and 24) (Fig. 3F) . The 18S rDNA sites occurred on the short arms of pairs 1, 14, and 24, and on the long arms of pairs 5 and 6, always in the terminal region (Fig. 4E) . The 5S rDNA sites were located near the centromeres of pairs 2 and 22 (Fig. 4F) . 
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In Figure 5 , data on the chromosomal location of 5S rDNA in the three Astyanax species are summarized and compared with data from the literature on the chromosomal locations of this gene in other species of this genus.
Discussion
We observed variation in the Ag-NOR number, indicating that these regions are constantly in change of activity. Other authors described different numbers of chromosomes bearing NORs in the genus Astyanax.
6,10,22-25 According to Tenório et al., 11 six Astyanax species had different Ag-NOR numbers. One pair was observed in Astyanax argyrimarginatus, Astyanax aff. bimaculatus, Astyanax Elachylepis, and Astyanax sp., whereas four pairs were observed in Astyanax xavante and two pairs in A. altiparanae. This variation in Ag-NOR number was also observed in Astyanax scabripinnis and Astyanax fasciatus. 24, 26 According to Ferro et al., 24 multiple Ag-NORs occur in A. scabripinnis, and this condition may be typical of Astyanax species (see e.g., Refs. [27] [28] [29] ). Several authors have pointed out that silver impregnation may or may not stain regions of heterochromatin, and that heterochromatin can also be stained with GC-specific fluorochromes. [30] [31] [32] [33] [34] According to Vitturi et al., 35 regions marked by silver impregnation react positively to C-banding and fluoresce brightly after CMA 3 treatment, indicating that (in the scarab beetle Thorectes intermedius [Coleoptera]) the silver impregnates all heterochromatin and that heterochromatin consists of a highly repetitive DNA, GC-rich. In our study, one homolog of pair 7 in A. altiparanae was silver, CMA 3 , and C-band positive (like pair 19), but was not marked by the 18S rDNA probe in FISH experiments, unlike pair 19. This suggests that this region in the homologous of pair 7 contains repetitive DNA that is very GC-rich, possibly representing a specific class of repetitive DNA.
In Astyanax, previous studies have found that the chromosomal locations of 18S rDNA are highly diverse among populations of the same species, as we also observed in this study (Table 1) . Mantovani et al. 9 observed variations in the numbers of 18S rDNA sites in four A. scabripinnis populations. Two populations from the Paranapanema river basin (SP) had 4-16 sites, and two populations from the São Francisco river (Minas Gerais state) had 2-11 sites. The authors reported that the location of the 18S rDNA was variable in the scabripinnis complex, whereas the location of 5S rDNA was conserved; thus, multiple evolutionary trends for ribosomal gene placement may exist in the same genome. 9 The 5S rDNA location on the chromosomes of some Astyanax species is conserved and this location has three configurations (Fig. 5) . One configuration has 5S rDNA sites on both long arms near the centromeres of a metacentric chromosome pair and an acrocentric or subtelocentric pair-a configuration found in A. fasciatus, A. scabripinnis, Astyanax parahybae, Astyanax sp. B, Astyanax paranae, and A. bockmanni, as well as A. eigenmanniorum and A. abramis (described in this study). 7, [36] [37] [38] [39] Another configuration of 5S rDNA location is a pericentromeric site on a submetacentric pair, as seen in different A. altiparanae populations, including the population described in this article, as well as for A. bimaculatus and Astyanax lacustris. 39 Astyanax species that have one pair of chromosomes bearing 5S rDNA sites exhibit a probable synapomorphic feature; similarly, species that have two pairs of chromosomes bearing 5S rDNA sites may also share a feature.
Telomeric regions favor the exchange of genetic material due to their proximity in the interphase nucleus, promoted by the ordering of chromosomes based on Rabl's model. 42 Consequently, because most 45S rDNA sequences are located in the terminal regions of many Astyanax chromosomes, this proximity could facilitate the transfer of these sequences to other regions. This could explain the large intraand interspecific divergence of 18S rDNA locations in this group of fish and may explain why 5S rDNA configurations are conserved in some species: these species do not have telomeric 5S DNA sites, but instead have one or two sites near the centromere.
The action of transposable elements might also explain the divergence in the locations of 18S rDNA sequences among Astyanax species. The presence of different pairs containing 45S rDNA sites in Astyanax species may have arisen as a result of transposable elements inserting at these loci and transferring these sequences to other chromosomes, resulting in the reorganization of these on different chromosome pairs. Transposable elements have been proposed as one of the mechanisms responsible for the mobility of rDNA sequences to new sites. 43, 44 According to Nakajima et al., 45 the terminal regions of chromosomes can promote transposition events, leading to the dispersal of DNA segments.
Therefore, the conservation of 5S rDNA and the variability of 18S rDNA sites in different species, as demonstrated in this study, indicate that independent changes occur in the genome for these sequences, which can be caused by their location in different compartments of the interphase nucleus. Thus, these sequences may be subject to dynamics that can either maintain the conservation of their location or contribute to their divergence by dispersing them to other regions of the genome.
